Abstract. Thymidine kinase 1 (TK1) is an enzyme involved in nucleic acid synthesis and is therefore considered to be an important tumor proliferation marker. The aim of the present study was to determine the diagnostic role of TK1 measurement in cancer. An extensive electronic search was performed in PubMed, EMBASE and the Cochrane Library using the keywords 'thymidine kinase 1' and 'tumor' and synonyms. This study was conducted as part of a project to establish evidence-based guidelines for the diagnosis and treatment of cancer. A total of 453 abstracts were screened, after which the full text of 40 studies were selected for further investigation, including screening of the references cited by studies in the original search. Fifteen studies were enrolled following full-text evaluation. The areas under the receiver operating characteristic curves for the radioenzymatic assay (REA), the chemiluminescence immunoassay (CLIA) and the total were 0.88, 0.75 and 0.8, respectively. These results were all between <0.9 and >0.7, which suggested a moderate diagnostic efficacy. The positive likelihood ratio of the CLIA method was the highest (10.229), which demonstrated that CLIA exhibited a satisfactory specificity in tumor diagnosis. However, TK1 as a single diagnostic tumor marker was not of significant value and the combination of more tumor markers in the diagnosis of tumors may be preferable.
Introduction
Malignant tumors are characterized by uncontrolled cell proliferation. The proliferative activity of neoplastic cells is key to the clinical course of several neoplasms (1) (2) (3) . Thus, indicators of proliferation are attractive candidates as prognostic markers. Among these, thymidine kinase 1 (TK1), a cellular enzyme involved in a salvage pathway for DNA synthesis, has attracted interest. TK1 is located at chromosome 17q25, is exclusively expressed in the cytoplasm of dividing cells and is absent in resting cells (4) (5) (6) (7) . TK1 activity increases during the G1̸S phase and decreases through the G2̸mitosis phase (8) (9) (10) . TK1 activity is essential for the balance of the intracellular TTP levels. In the beginning of G1 the cellular concentration of TK1 is not measurable. Transcriptional and translational mechanisms control the increased expression in the early S phase (11) (12) (13) (14) . Its activity has been shown to be correlated with the proliferative activity of tumor cells. Therefore, it may be useful for the early detection of tumor cell division and proliferation.
Appearance of TK1 in the serum results from tumor cell death by disintegration and it may be correlated with the size of the tumor, as a larger tumor contains more TK1 compared to a smaller one. TK1 has been extensively studied, primarily as a diagnostic biomarker for a variety of cancer types. The first assay for TK detection was developed by Gronowitz and Kallander (15) . As a biomarker, higher serum TK1 activity levels are correlated with a more advanced cancer stage and grade (16) . Serum TK1 levels also show prognostic potential, as they may help predict future relapse at the time of primary diagnosis in several cancer patients, including those with solid and non-solid tumors. It is almost undetectable in normal serum, but increases to varying degrees in malignant tumors (17) , depending on their type, stage, growth rate (18) and presence or absence of treatment (19) . The majority of the studies on TK1 included in the present meta-analysis assessed the diagnostic accuracy in different methods and different types of tumors (1, 9, 12, 16) . Initial studies investigating the prognostic significance of serum TK1 levels in patients with chronic lymphocytic leukemia (CLL) were conducted using a radioenzymatic assay (REA) (20) (21) (22) .
Thymidine kinase 1 as a diagnostic tumor marker is of moderate value in cancer patients: A meta-analysis
Although the results appeared promising, technical difficulties and the use of radioactivity resulted in limited acceptance of the serum TK1 analysis. A significant correlation showing that high serum TK1 levels predict poorer patient survival was detected by a novel chemiluminescence immunoassay (CLIA) technique (20) . This novel method does not require radioactivity and is convenient and rapid. The results of the two methods are highly concordant. In addition, the enzyme-linked immunosorbent assay (ELISA) (21) and immunohistochemistry (IHC) (23) were used to detect serum and tissue TK1 levels. In general, the role of TK1 as a tumor marker has not yet been elucidated in traditional studies. Therefore, a pooled analysis is required. The aim of this meta-analysis was to evaluate the results of previous studies and compare the diagnostic role of TK1 in patients with untreated solid and non-solid tumors.
Materials and methods

Study search protocol.
A total of 15 studies were identified by primary search strategies using the keywords 'thymidine kinase' combined with 'tumor' and synonyms in Pubmed, EMBASE and the Cochrane Library.
Inclusion criteria and data extraction. Studies were included if they met the following criteria: i) sensitivity and specificity were described or could be calculated from tables or figures; ii) detection was performed prior to any treatment; and iii) only healthy individuals were recruited as controls. Meeting abstracts not accompanied by full articles and other incomplete reports were excluded. Two authors independently reviewed the study titles and abstracts identified by the search, evaluated each study for inclusion and retrieved potentially eligible studies for full-text evaluation. Any discrepancies were settled by a third author. Two authors independently extracted data from each eligible study. When studies provided ≥2 tables for ≥2 tumors (e.g., breast and lung cancer), the available tables were separately reconstructed.
Quality assessment. Seven variables were regarded as potential confounders for explaining heterogeneity and interstudy variability: i) variety of detection methods; ii) proportion of patients with different clinical grade and level; iii) year of publication; iv) study design, cohort or case-control study; v) blinding: whether final diagnosis of tumor was performed independently from the test result; vi) consecutive recruitment of patients; and vii) existence of verification bias: whether only patients with positive test results received the reference standard. The latter five variables were introduced to assess the quality of studies according to the guidelines of Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) (24) .
Statistical analysis. The sensitivity, specificity, negative likelihood ratio (LR), positive LR and diagnostic odds ratio (DOR) of each tumor, which represent the comprehensive ability of a diagnostic test, were assessed. Since there is an inverse association between sensitivity and specificity, it is inappropriate to estimate their means separately (25, 26) . In addition, another approach was applied to combine the results of primary studies, i.e., to draw a summary receiver operating characteristic (SROC) curve. Weighted linear regression analysis was applied and SROC curves were drawn. The area under the curve (AUC) was also calculated by Stata statistical software version 12.
The likelihood ratio positive (LRP) was assessed on the hypothesis that a positive result may lead to a confirming test which is always discussed with likelihood ratios negative (LRN), expressing how much more frequent the positive results are among subjects with the disease than among those without disease, independent from pretest probability or disease prevalence. LRPs >10 and <10 are considered to provide strong evidence to include or dismiss diagnoses, respectively, in the majority of circumstances (27, 28) . The pooled DORs and LRs and their 95% confidence intervals (CIs) were calculated for random-effect models and the heterogeneity of the odds ratio (OR) was assessed using a homogeneity Chi-square test by Stata statistical software version 12.0.
Publication bias.
To assess the presence of publication bias, funnel plots were created for each diagnostic test. The inverse of the standard error of the natural logarithm of the DOR was plotted against the natural logarithm of the DOR. Its asymmetry was assessed by a significance test using the linear regression method suggested by Egger et al (29, 30) . In this regression method, the standardized effect, defined as the effect divided by its standard error, is regressed against the precision of the effect, defined as the inverse of the standard error. The intercept α provides a quantitative measure of the asymmetry and is of interest (31) . The more the intercept deviates from zero, the more pronounced the asymmetry. Negative values of α indicate that less precise studies have a more pronounced effect compared to more precise studies, suggesting publication bias. However, a positive intercept does not suggest a selection bias but rather heterogeneity of the included studies. P<0.05 of zero intercept is considered to indicate a statistically significant difference.
Results
Study characteristics. After reviewing the titles and abstracts of the 493 studies, 478 were excluded: 40 due to repetition, 190 recruited patients in whom TK1 was detected following chemotherapy or surgery, the full text was unavailable for 50 studies and 198 studies were not conducted on human subjects. A total of 15 eligible studies involving 1,840 patients and 1,664 controls were included in the pooled analyses (12, 19, (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (Fig. 1 ). Among these, 12 investigated solid tumors (8, 12, (32) (33) (34) (35) (36) (37) (38) (39) (40) 42, 44) and included 1,538 patients and 1,484 controls and 3 investigated non-solid tumors (19, 40, 42) and included 302 patients and 180 controls. The solid tumors included 7 breast carcinomas (33,35-39,43), 2 renal Funnel plot of sensitivity and specificity of thymidine kinase. Summary graphs were created with study-specific (box) and overall (diamond) point estimates and confidence intervals (CIs) for each performance index pair using graph combine. The squares and horizontal lines correspond to the study-specific odds ratio (OR) and 95% CI, respectively. The area of the squares reflects the study-specific weight. The diamond represents the pooled OR and 95% CI. ; however, it appears that the main heterogeneity may be attributed to CLIA and ELISA. CI, confidence interval. carcinomas (12,34), 1 lung (35), 1 ovarian (42) and 1 head and neck cancer (31) . Six studies used CLIA (12, 19, (33) (34) (35) (36) , five studies used REA (32, (41) (42) (43) (44) and two studies used ELISA (37, 38) and two studies used IHC (37) (38) (39) 41) . The characteristics of the selected studies are summarized in Table I .
Sensitivity, specificity and DOR. Sensitivity and specificity, DOR and LRs with 95% confidence intervals were recalculated for each primary study from the contingency tables of true-positive, false-positive, true-negative and false-negative results. Sensitivity and specificity are shown in Table II . DORs calculated were stratified by cut-off values and combined (Table Ⅱ) . SROC analysis. ROC curves were plotted and the AUCs were compared for specificity and sensitivity in the three detection method groups. The SROC and analysis of the combinations are shown in Table II and Fig. 2 . The AUC shows the reliability of the TK1 assay when used to discriminate between healthy individuals and patients with malignancies. A value >0.7 and <0.9 indicates that the REA and the REA + CLIA TK1 assays are of moderate reliability. The AUC for CLIA was 0.75, suggesting that the ECL TK1 assay is of moderate reliability.
LRP and LRN. LRP and LRN were also calculated. LRs are used to determine whether any given test result raises or lowers the probability that a disease exists. For high diagnostic informativeness, an LR of >10 or <0.1 would be required for a positive and negative test result, respectively. Moderate informational value may be achieved with LR values of 5-10 and 0.1-0.2; LRs of 2-5 and 0.2-0.5 are of limited informational value (26) . LRPs were calculated and combined (Table II) . To assess the optimal detection method, we compared LRPs calculated by ECL, since ≤3 studies used REA and IHC̸ELISA. Among these studies, the ability of the STK1 assay to discriminate between malignant and non-malignant groups was assessed by ROC analysis. Table II . Estimated sensitivity, specificity and DOR of REA, CLIA and their combinations regarding TK1. DOR, diagnostic odds ratio; REA, radioenzymatic assay; CLIA, chemiluminescence immunoassay; TK1, thymidine kinase; ROC, receiver operating characteristic; AUC, area under the curve. Figure 5 . Meta-regression analysis on sensitivity. Variance analysis of thymidine kinase 1 concentration levels in patients with solid carcinoma and other types of carcinoma prior to therapy. A cumulative meta-analysis investigates the effect of each individual study on the overall meta-analysis summary estimate. It is evident that two studies are out of the range of sensitivity. These are Xu et al (33) and McKenna et al (38) .
Estimate 95% CI -----------------------------------------------------------------------------------------------------------------------------------------------------
Assessment for publication bias. The P-values of TK1 in Begg's and Egger's tests were 0.529 and 0.917, respectively (data not shown). The Begg's funnel plot may be used to investigate whether all studies come from a single population and to search for publication bias (Fig. 9) and it suggested that all studies came from a single population (30). [Xu et al (33) and McKenna et al (38) ]. One of these used the chemiluminescence immunoassay (CLIA) and the other one the enzyme-linked immunosorbent assay (ELISA) method. P-value >0.05. No I 2 or P-value could be calculated for ELISA as there was only one study. CI, confidence interval. 
Discussion
The clinical or patient-relevant utility of diagnostic tests is evaluated using the sensitivity, specificity, positive and negative LRs and DOR. In our study, the sensitivity of REA was slightly higher compared to that of CLIA (0.643 and 0.519, respectively; Table II) . By contrast, the specificity, the LRPs and the DOR of CLIA were higher compared to those of REA, although the ROC of REA was slightly higher compared to that of CLIA (Table II) . Therefore, the CLIA method is valuable for tumor diagnosis. The likelihood ratios (LRs) determine whether any given test result raises or lowers the probability that a disease exists. In order for diagnostic informativeness to be high, an LR of >10 or <0.1 is required for a positive or negative test result, respectively (25) . Moderate informational value may be achieved with LR values of 5-10 and 0.1-0.2, while LR of 2-5 and 0.2-0.5 are of small informational value (26) . In our study, the positive and negative LR values were 5.072 and 0.453 in total, 10.229 and 0.506 in CLIA and 5.902 and 0.401 in REA, respectively. It was observed that CLIA was of high diagnostic value in the positive test results and all the methods were of low diagnostic value in the negative test results.
The ROC analysis of the TK1 assay in the present study resulted in an AUC of >0.7 and <0.9, suggesting that the TK1 assay is a test of moderate ability of discrimination between healthy individuals and patients with pre-malignancies or malignancies. The AUC is the average true positive rate of the entire range of false-positive rate values. The following guidelines have been suggested for interpretation of AUC values: low (0.5≥AUC≤0.7), moderate (0.7≥AUC≤0.9), or high (0.9≥AUC≤1) accuracy (45) . In our study, AUC was 0.78 in total, 0.67 in ECL and 0.88 in REA. The diagnostic accuracy of REA was found to be inferior to that of CLIA. The higher diagnostic specificity of CLIA compared to that of REA (Table II) , suggests that CLIA may improve the efficacy of surveillance programs. The higher AUC of REA compared to that of CLIA (Table II) , suggests that REA may improve the accuracy of surveillance programs. However, both are of moderate diagnostic value.
Heterogeneity (or absence of homogeneity) of the results among the studies is assessed graphically by forest plots and statistically using the quantity I 2 that describes the percentage of total variation across studies. A value of 0% indicates no observed heterogeneity and values >50% indicate substantial heterogeneity. In our study, the I 2 was 87.1% (Fig. 3) . There was significant heterogeneity among studies. Numerous sources of heterogeneity may occur, such as characteristics of the study population, variations in the study design, different statistical methods and adjustment for different covariates (if relevant) (47) . Therefore, the 15 studies were divided into four groups according to the different methods. The I 2 value of CLIA and ELISA remained >50% (Fig. 4) . Subsequently, a meta-regression analysis was conducted and two studies were identified as responsible for the heterogeneity. One study was by McKenna et al (38) , which used ELISA to detect TK1 activity and the other was by Xu et al (33) , which used CLIA to perform health screening. The reasons for the heterogeneity were the different detection target and different population (Fig. 5) . The two studies were deleted from our meta-analysis and the I 2 value was again calculated (Figs. 6 and 7) . The I 2 value had been reduced to 48.8%. According to certain studies, the TK1 was suitable for non-solid tumor diagnosis (43) . The 13 remaining studies were grouped into non-solid and solid tumor groups and I 2 was calculated again. The I 2 value indicated that there was obvious heterogeneity in the non-solid tumor group (Fig. 8) . However, additional studies on non-solid tumors are required to reach a definitive conclusion.
Publication bias was assessed visually by using a scatter plot (Fig. 9 ) and Begg's and Egg's tests. In a meta-analysis, such a plot may be used to test the assumption of normality, investigate whether all studies originate from a single population and identify publication bias (47) . The Begg's and Egg's tests did not reveal the existence of such publication bias; therefore, the conclusion is considered reliable.
In conclusion, the TK1 biomarker exhibits moderate specificity and sensitivity and thus is moderately reliable as a marker for tumor diagnosis. It may be more useful to combine TK1 with other tumor markers for the diagnosis and monitoring of the tumor therapy outcome. The results of this meta-analysis were not in accordance with those of other meta-analyses, possibly due to the limited number of the studies included. Additional studies are required to integrate TK1 in existing risk calculators to enhance their prognostic value.
